e We used whole-genome sequencing to determine evolutionary relationships among 20 outbreak-associated clinical isolates of Listeria monocytogenes serotypes 1/2a and 1/2b. Isolates from 6 of 11 outbreaks fell outside the clonal groups or "epidemic clones" that have been previously associated with outbreaks, suggesting that epidemic potential may be widespread in L. monocytogenes and is not limited to the recognized epidemic clones. Pairwise comparisons between epidemiologically related isolates within clonal complexes showed that genome-level variation differed by 2 orders of magnitude between different comparisons, and the distribution of point mutations (core versus accessory genome) also varied. In addition, genetic divergence between one closely related pair of isolates from a single outbreak was driven primarily by changes in phage regions. The evolutionary analysis showed that the changes could be attributed to horizontal gene transfer; members of the diverse bacterial community found in the production facility could have served as the source of novel genetic material at some point in the production chain. The results raise the question of how to best utilize information contained within the accessory genome in outbreak investigations. The full magnitude and complexity of genetic changes revealed by genome sequencing could not be discerned from traditional subtyping methods, and the results demonstrate the challenges of interpreting genetic variation among isolates recovered from a single outbreak. Epidemiological information remains critical for proper interpretation of nucleotide and structural diversity among isolates recovered during outbreaks and will remain so until we understand more about how various population histories influence genetic variation.
L
isteria monocytogenes is a bacterial pathogen that is almost exclusively transmitted by food. Invasive listeriosis typically presents as sepsis or meningoencephalitis in older adults, those with certain chronic illnesses, and people undergoing immunosuppression. Infections during pregnancy can cause fever and other nonspecific symptoms in the mother with severe outcomes such as fetal loss, premature labor, and neonatal illness and death. Although listeriosis is relatively rare (ϳ1,600 cases occur annually in the United States), approximately 20% of cases are fatal and outbreaks are not uncommon. There are 13 known serotypes of L. monocytogenes, though the majority of human illnesses are caused by serotypes 1/2a, 1/2b, and 4b (1, 2) . Molecular subtyping methods have differentiated L. monocytogenes isolates into 4 distinct genetic lineages, with isolates of serotypes 4b and 1/2b typically belonging to lineage I (LI) and isolates of serotype 1/2a typically belonging to lineage II (LII) (3) . Strains of lineages III and IV rarely cause listeriosis in humans. Historically, isolates of serotype 4b have caused the greatest proportion of listeriosis outbreaks and the largest number of cases per outbreak (2) . In 2011, however, serotypes 1/2a and 1/2b were implicated in the largest listeriosis outbreak in U.S. history. Whole cantaloupes from a single farm were identified as the source, highlighting the potential for L. monocytogenes transmission via fresh produce (4) . Ultimately, five different pulsed-field gel electrophoresis (PFGE) patterns associated with outbreak-related illness were identified (4) .
Although standardized PFGE is currently the established subtyping method for detecting clusters of disease and confirming the source of listeriosis outbreaks, the method cannot be used to infer evolutionary relationships. Establishing the evolutionary relatedness among subtypes of L. monocytogenes allows us to identify groups of strains that account for a larger proportion of sporadic listeriosis cases and are more often associated with outbreaks. A strength of nucleic acid sequencing-based subtyping is that it enables categorization of strains into related subgroups that may share important genetic characteristics because of common ancestry. Multilocus sequence typing (MLST) (5) and multivirulencelocus sequence typing (MvLST) (6) are amenable to evolutionary analysis, and these approaches have been used to categorize isolates into higher-level groups: a retrospective study of L. monocytogenes clinical isolates in Canada used MLST and MvLST to dem-onstrate that isolates with similar PFGE patterns recovered over 2 decades all belonged to the same clonal group (7) . A recent comparison of the MLST and MvLST typing schemes (8) demonstrated correspondence in both phylogenetic clustering and discriminatory power between clonal complexes (CCs) (as determined by MLST) and epidemic clones (ECs) (as determined by MvLST) with prevalent, globally disseminated CCs in LI and LII encompassing ECs. An EC has been defined as a group of isolates that are genetically related, some of which have been implicated in temporally and geographically unrelated outbreaks. An implicit assumption in the definition of ECs is that not all L. monocytogenes isolates are equivalent with respect to their potential to cause outbreaks. In contrast, the CC is solely framed in evolutionary biology terms as a group of isolates that descended from a common ancestor and accumulated differences mainly through mutations; no involvement in listeriosis epidemics is implied from the designation CC.
A previous study analyzed concatenated virulence and housekeeping gene sequences to show that the isolates from the U.S. cantaloupe-associated outbreak fell into three groups: one isolate was not related to other outbreak strains, but the other isolates fell into two separate groups that contained strains from previous outbreaks, and thus, each of these two groups were designated novel epidemic clones, including the first described for serotype 1/2b (9) . We expanded upon these findings by using whole-genome sequences to reconstruct the evolutionary relationships among L. monocytogenes strains of serotypes 1/2a and 1/2b that were implicated in outbreaks over the last 2 decades, including the outbreak associated with cantaloupe. We first present a high-level overview by placing the strains into a phylogenetic (clonal) framework to begin to understand how outbreak-associated strains are distributed within the diversity of L. monocytogenes. We then examine in more detail three pairs of closely related isolates from three CCs to understand more about genome-level variation within different outbreaks. Lastly, we delve into a more detailed analysis of a single pair of epidemiologically related isolates to illustrate the complexity of genetic changes that can be present among isolates in a single outbreak.
MATERIALS AND METHODS
Strain selection, characterization, and phylogenetic analysis. We selected a total of 20 isolates of serotypes 1/2a (13 isolates) and 1/2b (7 isolates) from our collection of clinical isolates, including representative isolates from U.S. outbreaks and sporadic isolates that were similar to these outbreak strains based on previously generated PFGE and multilocus genotyping (MLGT) data (10) (see Table S1 in the supplemental material). Genomic DNA was extracted using the ArchivePure DNA cell/ tissue kit (5 PRIME, Inc., Gaithersburg, MD). Whole-genome sequences were determined on a GAIIx using standard Illumina chemistry to generate 76-bp reads, which were assembled using Velvet version 1.0.2.8 (11) and VelvetOptimiser-2.2.4. In addition, we included 49 publicly available genomes in the analyses, for a total of 69 sequences. This data set comprises 52 genomes for isolates of serotypes 1/2a and 1/2b and phylogenetically related serotypes (1/2c and 3). These 52 genomes include 20 outbreak-associated isolates representing 11 outbreaks and isolates from clinical, food, and environmental sources, for example, one isolate from an implicated production facility (ricotta salata) that matched a human case (12) . We also included 17 additional genome sequences from isolates of serotypes 4b, 4d, and 4e to root the phylogenetic tree. Gene sequences corresponding to the 7 loci for the Institut Pasteur L. monocytogenes MLST scheme (5) were compiled from the genome sequences. MLST sequence types (STs) were determined based on comparisons with the Institut Pasteur MLST database (http://www.pasteur.fr/recherche /genopole/PF8/mlst/Lmono.html). We assigned strains to CCs based on STs as presented in the work of Ragon et al. (5) and in the Pasteur database. We used the previously defined method for classification of CCs, which is that CCs are groups of allelic profiles sharing 6 out of 7 alleles with at least one other member of the group (5) . As the older genome sequences do not have reads available and cannot be used with high-quality, single nucleotide polymorphism (hqSNP) analysis, single nucleotide polymorphisms (SNPs) were called using kSNP v2.0 (13) with a k-mer size of 19; the resulting SNP matrix was used as the input for a maximum likelihood phylogenetic analysis using RAxML v7.4.2 (14) . Values on the branches in Fig. 1 indicate SNP differences for the main lineage and clonal complexes as inferred by kSNP, which included only SNPs that were present in 50% or more of the isolates. Based on previous comparisons (H. C. den Bakker, unpublished data), these SNP differences are comparable to SNP counts obtained from the core genome. Additionally, due to its core algorithm, kSNP will not identify clustered SNPs, as opposed to our hqSNP method, and there were some hot-spot regions which kSNP undercalled SNPs, e.g., the clustered SNPs found in Fig. 3 . Thus, SNP counts from the kSNP method are considerably lower than pairwise hqSNP counts, which would include clustered SNPs and more SNPs in the accessory genome.
Comparison of epidemiologically linked isolate pairs. We performed more detailed comparisons on pairs of genome sequences from epidemiologically linked isolate pairs within CCs. We used Lyve-SET v0.7 (https://github.com/lskatz/lyve-SET) to identify hqSNPs (15) . SnpEff (16) was used to annotate SNPs as falling into protein-encoding (coding DNA sequence [CDS]) or non-protein-encoding regions, with the former also designated synonymous or nonsynonymous SNPs. The CDS SNPs were also annotated as core genome versus accessory genome by searching against a list of core genes obtained from a Markov clustering (MCL) method implemented in ITEP (Integrated Toolkit for Exploration of microbial Pan-genomes) (17) . In short, a gene presence-absence matrix was constructed for finished genomes used in this study, using an MCL inflation value of 2.0 and a BLAST maxbit score of 0.4. One pairwise comparison with high SNP counts was further examined by ordering contigs of one genome against a reference genome using the Mauve Contig Mover (18) and concatenating sorted contigs to create a pseudochromosome. Reads from the second closely related genome were then mapped against the pseudochromosome to examine the distribution of pairwise SNP differences. The reciprocal mapping of reads between the two closely related strains was also performed. PHAST (19) was used to identify phages within the two genomes, and phage sequences were extracted using a custom script, extractSequence.pl (https://github.com/lskatz/lskScripts), and the exact coordinates given by PHAST. Phage phylogenies were inferred using RAxML and visualized with MEGA5 (20) .
Nucleotide sequence accession numbers. Newly determined sequence data were deposited in GenBank under accession numbers CP007689, CP007687, CP007688, CP007684, CP007685, CP007686, JMUA00000000, JPTW00000000, JNGR00000000, JNFI00000000, JNHA00000000, JPTX00000000, JNGJ00000000, JNGK00000000, JNGL00000000, JNGM00000000, JNGN00000000, JNGO00000000, JNGY00000000, and JNGQ00000000.
RESULTS AND DISCUSSION
Phylogenetic relationships of outbreak-associated strains show that multiple outbreak strains are unrelated to clonal complexes or epidemic clones. We used SNP data from whole-genome sequencing (WGS) to characterize the relationships among the 1/2a and 1/2b outbreak isolates and place them in the larger context of L. monocytogenes genetic diversity. A total of 20 outbreak-associated isolates of serotypes 1/2a and 1/2b were included in the data set, and these isolates belonged to 10 distinct phylogenetic groups. The majority of isolates (11, or 55%) were categorized into four groups corresponding to common CCs that represent the four recognized epidemic clones for serotypes 1/2 a (III, V, VII) and 1/2b (VI) (Fig. 1) . The remaining 9 isolates represented six branches in the phylogenetic tree; one branch included two 1/2b isolates (F4233 and G6054) that represented two historically unrelated outbreaks (Pennsylvania and chocolate milk outbreaks, respectively) ( Table 1 ). The genome sequences of the two isolates differed by 181 hqSNPs. Representative isolates from the different groups of serotype 1/2b differed by approximately 7,000 to 8,500 SNPs; thus, F4233 and G6054 are closely related to one another relative to the diversity within serotype 1/2b. The genetic relationship among strains F4233 and G6054 cannot be inferred by PFGE; however, there were only a few band differences comparing the AscI and ApaI profiles of these strains ( Fig. 2A) .The two isolates represent CC3, which ranks among the four most common L. monocytogenes clones across the globe (21) . By using a subtyping technique that can be used for evolutionary inference, we were able to demonstrate that CC3 may be a previously unrecognized EC (VIII), the second to be described for serotype 1/2b. However, the chocolate milk outbreak was gastroenteritis and not invasive listeriosis; whether the designation of epidemic clone should be applied in this case could be debated. It is unclear why a large, globally disseminated clone has not been implicated in numerous outbreaks; as application of WGS increases, CC3 may be recovered from multiple listeriosis outbreaks and thus designated unambiguously as an epidemic clone. Green circles indicate isolates that were newly sequenced for this study, and blue squares indicate isolates for which a completed genome is available. Diamonds are used to indicate isolates that were used in more detailed downstream analyses. Four of the remaining branches were represented by single outbreak isolates (L1118, L2074, L2625, and G4599) that were not closely related to any of the other isolates (Fig. 1) . Lastly, two isolates (2012L-5240 and 2012L-5323) with similar PFGE subtypes from the U.S. 2012 ricotta salata outbreak (12) were determined to be related to each other but were not closely related to other L. monocytogenes phylogenetic groups. The isolates from this outbreak form a distinct genetic group (Fig. 1) and were classified as members of CC101.
Magnitude and pattern of genetic divergence varies widely between the epidemiologically linked isolate pairs. WGS is being adopted by public health agencies for many functions, including routine surveillance (22) and outbreak detection and investigation (23, 24) . Interpreting genetic variation will present new challenges to such investigations. To gain insight into the genome diversity within L. monocytogenes subgroups as defined by more traditional typing methods (i.e., MLST and PFGE), we examined the hqSNP differences between three pairs of epidemiologically linked isolates within CCs that had distinct PFGE subtypes (Table  2 ; Fig. 2B to D) . We examined two isolate pairs from the 2011 cantaloupe outbreak that belong to two different CCs; the pair of isolates in CC5 (L2624 and L2663) had only 7 hqSNPs between them, which were all located in the accessory genome. In contrast, the pair of cantaloupe outbreak isolates from CC7 (L2626 and L2676) had 169 hqSNPs, with the majority of SNPs located in the core genome. The differences as assessed by PFGE were not concordant with WGS, as the CC5 isolates showed 16 discernible band differences (ϳ75% similarity), whereas the CC7 isolates had only 1 discernible difference (ϳ96% similarity). The pair of clinical isolates from the 2012 ricotta salata outbreak (2012L-5240 and 2012L-5323; CC101) had the greatest number of hqSNPs between them, with a total of 4,244 SNPs, 3,782 of which were located in the accessory genome. The reciprocal reference comparison identified a similar number of SNPs (4,562); for comparative purposes, we report the more conservative estimate in Table 2 . The two isolates were nearly identical by PFGE (Fig. 2D) . On the surface, the three isolate pairs appeared to have similar levels of genetic difference based on MLST (i.e., 0 or 1 differences in allelic profiles). However, overall genetic differences between the pairs as assessed by WGS varied by more than 2 orders of magnitude across the three comparisons. In addition, the patterns of mutation and the processes contributing to the divergence of the pairs of isolates also differed. The two isolates we examined in CC7 appeared to have diverged predominantly by point mutations within the core genome. In contrast, the CC101 pair has undergone substantial divergence within the accessory genome, with the clusters of SNPs likely introduced by horizontal gene transfer (HGT) from other Listeria strains. Because we compared only two isolates from each CC, it is unlikely that the results represent differences between the CCs; instead, they illustrate the various magnitudes of genetic difference that can occur among members of a clonal complex within single outbreaks. We next explored in more detail the genetic differences between the two CC101 isolates using publicly available draft genomes of L. monocytogenes strains from the implicated ricotta salata cheese processing facility (25) .
HGT in phage regions contributes substantially to genetic divergence between clonally related strains within a single outbreak. The cheese processing facility where the ricotta salata originated was shown to be contaminated with genetically diverse sub-
FIG 2 AscI and ApaI PFGE profiles of Listeria monocytogenes isolates representing clonal complexes. (A) CC3 (Pennsylvania and chocolate milk outbreaks); (B)
CC5 (cantaloupe outbreak); (C) CC7 (cantaloupe outbreak); (D) CC101 (ricotta salata outbreak). Strain identification and CC are given to the right of each profile. The AscI and ApaI patterns were compared in BioNumerics v.6.6.10 using the unweighted pair group method with arithmetic mean; the dendrogram shown to the left of each pair of profiles was produced using the Dice similarity coefficient, with the tolerance and optimization set at 1.5%. types of L. monocytogenes (25) : two isolates from CC8 were recovered and sequenced, as were one isolate each from CC121, CC5, CC2, and CC101 (Fig. 1) . Such diversity in the microbial community raises the possibility of recombination between Listeria strains in the environment. We tested the hypothesis that HGT among other L. monocytogenes isolates present in the processing environment contributed to the diversification of CC101 isolates as follows. We created a histogram of hqSNP differences for the two clinical isolates in CC101 and then overlaid the distribution of point mutations onto a genome map (Fig. 3) . In the histogram, we found two large peaks in hqSNP differences (Fig. 3) ; each peak corresponded to regions with sequences that were homologous to phages. We found specific phage-like sequences from the two regions that were present in the majority of CCs from the cheese facility and so examined specific elements within these two regions in more detail. The first phage-like element fell within the first large peak of SNP counts, and it was identified by BLAST as being chimeric: it showed similarity to a phage sequence found in Streptococcus pyogenes (six genes with similarity to phage 315.2; GenBank accession no. NC_004585) and also showed similarity to two phages previously found in Listeria (six genes in each of phages A006 [NC_009815] and LP-101 [NC_024387]). We refer to this genetic element here as phage 315.2= for simplicity and hypothesize that this is a novel phage in Listeria with regions that share homology with phages in Streptococcus. The second phagelike element was present in the second large peak of SNP counts and was identified by BLAST as being most similar to a phage sequence found in L. monocytogenes (phage A118) (although this phage was also chimeric). The phage sequences for each of the two genome regions were extracted when present, and phylogenies were generated for each phage segment (Fig. 4) . The phylogeny for phage 315.2 differed from the L. monocytogenes WGS phylogeny, as it showed that one of the CC101 clinical isolates, 2012L-5240, was more closely related to the phage sequences from CC8 processing facility isolates Lm_1823 and Lm_1889 (Fig. 4A) . The phylogeny for phage 315.2 thus bolstered the notion that CC101 isolates have diverged through recombination with other L. monocytogenes strains present in the environment. It is possible that recombination occurred between CC8 strains and CC101 strains; alternatively, both strains could have received genetic material from an additional unsampled strain in the environment. The other two CC101 isolates also showed extensive diversity in the same region and differed by 1,068 SNPs. The phylogeny for the second phage (homologous to L. monocytogenes phage A118) (Fig. 4B) showed that it was also divergent between the CC101 isolates and thus accounted for some SNP diversity between the outbreak isolates. The divergence in the second phage sequence between CC101 isolates also was likely a result of recombination.
Previous studies have shown epidemiologically linked isolates to be divergent with respect to acquisition of bacteriophage, including the CC7 isolates studied in this investigation, where the comK prophage was present in L2676 but not in L2626 (9). Gilmour et al. also found two isolates from a single foodborne High-quality SNPs were determined using the raw reads of 2012L-5240 and mapping them against the assembly of 2012L-5323. The graph was produced by counting the number of hqSNPs per 10,000 positions in the assembly. Two phages as inferred by PHAST were each located in a region with high hqSNP counts; the two phages are identified near the corresponding hqSNP peak.
outbreak that differed in the presence of a prophage which they designated LMC1 (26) . A different scenario was described by Orsi et al., who compared the genomes of isolates from the same processing environment that were recovered 12 years apart. While only 11 SNPs were found in the core genome among four isolates, the comK phage differed by 1,274 SNPs between the pair of isolates from 1988 and the pair from 2000 (27) . The results presented here for the CC101 isolates show even greater divergence in phage regions within the context of a single outbreak, between concurrently recovered strains.
For the three pairs of clinical isolates examined in this study (L2624 and L2663, L2626 and L2676, and 2012L-5240 and 2012L-5323), interviews indicated that the patients consumed the implicated product, cantaloupe or ricotta salata. The pairwise comparisons demonstrate the complexity of interpreting genetic variation even within the context of an outbreak investigation with an identified source. In one example, the isolates were nearly identical, as would typically be expected for isolates from a point source outbreak. However, this will be true only if the bacterial population has undergone a genetic bottleneck (i.e., the inoculum contains only a single genotype) and the time frame is too short for substantial genetic diversity to accumulate. More complex bacterial population histories and more diverse bacterial communities in the production chain will influence genetic diversity and thus complicate interpretation of molecular subtyping results. Genetic elements such as phages that have been horizontally transferred can be ignored in analyses to establish the strain phylogeny; however, such hypervariable regions could yield epidemiologically relevant information, particularly when examined in the context of an evolutionary framework established using core genes.
Wang et al. recently presented detailed characterization of accessory genes that lent additional support to linking food and clinical isolates in an outbreak setting because those strains all shared novel elements in hypervariable regions (28) . For the ricotta salata outbreak, we show a contrasting case where HGT has resulted in divergence between clonally related isolates from a single outbreak that apparently evolved within the context of a rich microbial background. Although the timing of genetic exchange in CC101 is not known (i.e., either prior to or following introduction into the cheese processing facility), these data raise the issue that horizontal gene transfer could be common among L. monocytogenes strains when multiple strain types are present in the production chain, leading to extensive diversification of genetically related isolates, even within the context of a single outbreak. The ricotta salata outbreak investigation was conducted with PFGE, and the full scope of genetic variation among the CC101 isolates was unknown. In retrospect, had the CC101 subtypes been fully characterized, the diversity in phage regions could have been seen a strong indication that other strains were present at some point in the processing facility or product; as it was, only CC101 isolates were linked in the outbreak, and it is unknown whether other CCs were present as minority members of the population in the product sold in the United States and whether the scope of the outbreak was accurately tallied. How the accessory genome can best inform outbreak investigations is a topic that warrants further investigation.
Conclusions. In this study, we constructed an evolutionary framework to better understand how outbreak-associated isolates of L. monocytogenes serotypes 1/2a and 1/2b are related to each other and to L. monocytogenes clones shown previously to be prev- . 3) ; (B) phylogeny constructed from the second phage sequence, homologous to L. monocytogenes phage A118 (associated with the second large peak count in Fig. 3 ). Numbers beside brackets to the right of the trees indicate hqSNP differences between the bracketed isolates. Numbers within brackets at the nodes of the tree indicate the maximum pairwise hqSNP difference within the group of isolates encompassed by the vertical arrows at the node. The lineage and clonal complex are provided for each isolate; those in CC101 are highlighted in gray. Within CC101, 2012L-5240 and 2012L-5323 are human clinical isolates, and Lm_1840 is an isolate from the cheese processing facility. Note that the mapping of reads to the phage regions was performed at a lower mismatch threshold than mapping to the whole genome, which resulted in higher SNP counts. alent and globally disseminated (21) . Most outbreak-related strains in our study were associated with large CCs, an insight that could not be gained from PFGE subtyping. Our study also revealed that genetic divergence between epidemiologically related isolates within the same CC varied greatly as assessed by WGS, and we demonstrated that substantial divergence between clonally related isolates from a single outbreak coincided with a diverse microbial community in the processing environment. The complexity of genome-level variation is such that epidemiological and product-related information will continue to be critical for outbreak investigations. In addition, the genetic diversity we found among closely related isolates from a single outbreak highlights the need to more fully characterize outbreaks by sequencing multiple isolates from food products and production environments.
The variation in prevalence and distribution of CCs implies that there are genetic differences among strains that lead some groups to realize higher levels of transmission (5, 29, 30) . How this relates to epidemic potential is not entirely clear, however, as L. monocytogenes clones not associated with large CCs or ECs were also implicated in outbreaks in this study. It is possible that some strains in the study were associated with an outbreak merely because of chance events that enhanced their transmission (i.e., any LI or LII strain could cause an epidemic given the right circumstances). Alternatively, some genetic change could have occurred-such as a change in gene content or a nucleotide substitution that led to altered gene function or expression-and these L. monocytogenes strains thus represent emerging epidemic clones. The lack of sequence data from closely related sporadic isolates does not allow us to examine the alternative hypothesis in the current study. This limitation highlights the need to conduct routine surveillance with molecular techniques that are amenable to evolutionary analysis-such as WGS and MLST-so that we can more fully understand the population context from which listeriosis epidemics arise. Understanding how both sporadic and outbreak isolates are distributed into clonal groups provides a framework for further investigation into the biological characteristics of more successful groups, with the goal of identifying the genetic basis for the traits that enable higher rates of transmission and virulence. The insights provided by examining diversity in an evolutionary framework may ultimately lead us to better control methods for L. monocytogenes.
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